Abstract
Introduction 12
The mammalian taste bud possesses receptors for incoming tastant molecules at the 13 apical pore. Receptor or type II taste cells possess the receptors for bitter, sweet and 14 umami taste stimuli. This signal is transduced through G-protein coupled receptors, and 15 the PLCβ2 and IP3 intracellular signaling molecules, leading to an increase in 16 intracellular calcium, the opening of the cation channel TRPM5, depolarization of the 17 cell, and opening of hemichannels to release ATP. This signal then acts on afferent 18 nerve terminals and on neighboring Presynaptic, or type III cells. This complex multi 19 stage process involves the synchronous action of a number of ligands, receptors and 20 signaling molecules, before the taste signal even leaves the taste bud. Needless to 21 say, any pharmacological agent which interferes with any part of this cascade will alter 22 the process of taste transduction. Interestingly, however, a number of recent 23 publications have identified modulators of specific taste qualities, factors which would 24 therefore not simply impinge on the taste transduction process as a whole, but would 25 have a specific target within the taste bud. In addition to this, there are many receptor 26 interactions from food, and taste related side effects from exogenous pharmaceutical 27 drug intake. 28
Taste cells possess a variety of basolateral receptors, which enable efferent 29 neuromodulation of taste signals. This neuromodulation may arrive through neural 30 innervation, or via paracrine, autocrine or endocrine factors. In this manner, the 31 physiological response to a tastant can vary from situation to situation, leading to 32 behavioral modification dependant on these endogenous factors. Thus the body may 33 subconsciously regulate metabolic intake based on nutrient requirements. In addition to 34 this, mood itself has been long established to effect taste preferences, perhaps 35 influenced by an alteration in circulating factors, or neurotransmission behavior. 36
Although both mood and appetite regulation are principally governed through the central 37 nervous system, often an additional target for circulating factors affecting feeding lies 38 within the taste bud itself. Thus, the same stimulus may affect both mood/appetite and 39 the hedonics of taste itself. 40
This would represent a fascinating mechanism for the governance of nutrient intake into 41 the body, whereby our specific enjoyment of a particular taste quality may be influenced 42
by an evolutionarily derived linkage with its perceived nutritional value. A nutritional 43 deficiency may lead to an alteration in taste perception which seeks to redress this 44 balance through intake. The full spectrum of putative targets is too plentiful for the 45 scope of this article, however a number have recently been highlighted due to 46 noteworthy advances in the field of taste physiology. 47
Leptin and the Endocannabinoids 48
In a recent series of excellent publications, the lab of Ninomiya has detailed interactions 49 of both Leptin (Kawai et al., 2000; Nakamura et al., 2008 ) and a variety of 50 endocannabinoids (Yoshida et al., 2010) with receptors located peripherally, in the taste 51 bud. Though both endocannabinoids and leptin are principally known as influencing 52 appetite through central action on hypothalamic receptors, the group displayed data on 53 the expression of receptors for these endogenous circulating factors in sweet sensitive 54 taste cells. Behaviorally, endocannabinoids and leptin play opposing roles in the 55 stimulation and suppression of appetite respectively. The data presented, however, 56 suggest an additional physiological target for these factors within the taste bud itself, in 57 addition to this appetite regulation. Both CB1 and Ob-Rb receptors, sensitive to 58 endocannabinoids and leptin respectively, were localized specifically in sweet sensitive 59 type II taste cells, and not cells sensitive to other taste modalities. The fact that 60 receptors were not found in bitter sensitive cells would seem to suggest a peripheral 61 control of caloric intake, through modulating the palatability of energy rich foods. 62
Plasma leptin variation is a control of appetite regulation in the CNS. In addition to its 63 action in the brain, leptin also acts directly on receptors in the taste bud, inhibiting sweet 64 taste, in both behavioral and electrophysiological nerve recordings. Endocannabinoids 65 such as anandamide and 2-arachidonyl glycerol are endogenously produced in the 66 body. Elevation in plasma leptin levels leads to a subsequent reduction in 67 endocannabinoids, and the two display inverse variation in the body. However, an 68 increase in sweet taste palatability has been shown to rely also on endocannabinoids 69 themselves, rather than simply on an indirect effect of a reduction in leptin. Both nerve 70 recording and behavioral measurements of living animals showed an enhancement in 71 sweet sensitivity with endocannabinoid treatment, an effect which was not observed 72 with other taste qualities. Mice undergoing genetic deletion or pharmacological 73 inhibition of either CB1 or Ob-Rb receptors showed none of the effects seen in their wild 74 type counterparts to sweet sensitivity when endocannabinoids or leptin respectively 75 were applied. In fact, mice lacking a functional leptin receptor actually showed an 76 increased response to sweet substances. These mice were of course already 77 hyperphagic, which has previously been ascribed purely to disturbances in leptin related 78 appetite regulation. 79
Humans are known to be subject to a diurnal variation in plasma leptin levels throughout 80 the day. This would in turn suggest a variation in circulating endocannabinoids. In an 81 intriguing set of experiments, Nakamura et al showed a variation in sweet taste 82 sensitivity throughout the course of the day which mirrored measured circulating leptin 83 levels. Overweight individuals did not undergo this modulation in taste sensitivity. 84
When meal times were varied, both leptin levels and taste thresholds followed this 85 variation. Truly then it seems, the body influences our taste for a specific food quality 86 when it senses a homeostatic need for this particular food. 87
Insulin 88
Diabetes, in addition to its more well known influence over blood glucose levels, also 89 manifests in alterations in salts and water within the body. Water retention, exacerbated 90 by excessive salt intake, is a serious complication in diabetes. Salty taste shows a 91 complex sensory profile in mammals, where it is first attractive, at low concentration, 92 and therefore presumably palatable, while later becoming strongly aversive. In a recent 93 report, Gilbertson and Baquero (2010) described a series of experiments whereby 94 insulin treated mice showed a marked behavioral avoidance to salt solutions at lower 95 concentrations than control animals, presumably representing an increase in salt 96 sensitivity. Blockage of the epithelial sodium channel (ENaC), thought to be the 97 mammalian salt receptor (Heck et al., 1984; Chandrasekar et al., 2010) with amiloride 98 abolished this enhanced behavioral avoidance. This would imply a peripheral influence 99 of plasma insulin levels on taste preference and hedonics. Isolated taste cells were 100 patch clamped, with sodium influx revealing insulin dependence on the nanomolar 101 scale. Similar results were obtained using a sodium dependant fluorescent dye. 102
Interestingly, type I diabetes model mice showed many behavioral and 103 electrophysiological characteristics suggesting that indeed insulin was affecting the 104 peripheral taste system. These model animals showed a higher sodium influx into taste 105 cells, but no insulin dependent modulation of this sodium influx through ENaC. 106
Behaviorally, these mice avoided salt at a significantly lower concentration than wild 107 type animals. Addition of amiloride to salt solution confirmed that this was both a 108 peripheral effect, and one which was ENaC dependant. 109
The close interplay between sugar and plasma insulin levels might represent an 110 interesting future direction of this work. As insulin release during the cephalic phase 111 can initiate after only a few minutes, it would seem plausible that during the course of a 112 sugar rich meal, a subject's taste for salt would reduce. Finally, an answer to every 113 child's question of why we have to wait until the end of a meal to eat dessert! 114
Serotonin 115
Sensitivity to taste qualities as a whole is dependent peripherally upon the entire taste 116 transduction process which precedes report to the primary afferent nerve. Serotonin 117 has been postulated to play some role in taste signal transduction (Huang et al., 2005) . 118
The plasma serotonin concentration can greatly vary, based on mood, health, and in 119 particular with pharmacological treatment. Serotonin is at present a popular target for 120 psychological intervention, with prescription of selective serotonin reuptake inhibitors 121 (SSRIs), tricyclic antidepressants (TCAs) and serotonin and norepinephrine reuptake 122 inhibitors (SNRIs) widespread. Prevalent side effects of these treatments are dysgeusia 123 and ageusia. As there are serotonin receptors expressed within the taste bud (Kaya et 124 al., 2004) , perhaps a potent target for drug interaction would not be in the CNS, but in 125 the taste bud itself. 126
Recently, details on a paracrine inhibitory role for serotonin originating from type III 127 cells, with the intended target of type II cells was laid out (Huang et al., 2009 The taste system represents the first point of encounter between nutrients from the 146 external environment and our body. Thus, the primary role of the taste bud is twofold. 147
Firstly it must keep us safe from dangerous or spoiled foods and toxic agents. 148
Concurrently, the nutritional quality and value of substances must be assessed, with 149 selection made depending on what is necessary for maintenance of bodily wellbeing. 150 We as higher level animals are able to make educated choices based on perceived 151 needs and experience. In lower level animals there are many instances of seemingly 152 astonishing perception of dietary requirement, presumably based on inherited 153 experience. Elephants remove intestinal parasites through licking clay. Chimpanzees 154 have been known to eat dirt, which leads to an increase in the antimalarial qualities of 155 the foods they eat. However, for the most part this process must enter into the realms of 156 instinct. Herein lies the principle advantage of modulation at the peripheral level, acting 157 directly in the taste bud. Affecting the taste hedonics of a substance leads to an 158 animal's own wellbeing being tied to its own desires. Thus, we are driven without our 159 knowing selectively towards the foods our body needs. 160
